Introduction
============

Spinal cord injury (SCI) is a serious neurological condition that impacts a patient's ability to function \[[@b1-asj-2019-0026]\]. SCI is a result of the primary injury, which occurs as a direct consequence of trauma and the secondary injury, which occurs following the onset of reactive processes such as inflammation, ischemia, free radical production, apoptosis, and necrosis in the spinal cord \[[@b2-asj-2019-0026]\]. SCI may lead to unpleasant complications, including various neurological problems such as the loss of sensory and motor function, autonomic nervous system dysfunction, pain, and ulcerous lesions \[[@b3-asj-2019-0026]\]. These issues underscore the need to develop better strategies for the treatment of SCI \[[@b4-asj-2019-0026]\]. With regard to these pathophysiological features, diverse treatment approaches have been suggested for SCI \[[@b5-asj-2019-0026]\]. Previous studies have mainly focused on controlling and limiting the mechanisms involved with protecting the nerves against secondary damage in the affected area \[[@b6-asj-2019-0026]\]. Replacing lost neurons and promoting neuronal regeneration using stem cells and their derivatives, such as stem cell-conditioned medium (CM), has been extensively studied \[[@b7-asj-2019-0026],[@b8-asj-2019-0026]\]. Breast milk is a valuable and noninvasive source of heterogeneous stem cells. As a result, it has received considerable attention in the field of regenerative medicine \[[@b9-asj-2019-0026]\]. A portion of the breast milk expresses markers for mesenchymal stem cells (MSCs) \[[@b10-asj-2019-0026]\]. Interestingly, a subpopulation of nestin-positive cells has also been reported in breast milk cells \[[@b11-asj-2019-0026]\]. Nestin is a marker for neural stem cells. Differentiation of this easily-available source of stem cells into a neural cell lineage has been previously reported \[[@b12-asj-2019-0026]\].

Although positive outcomes have been reported using stem cell therapy, there are still some disadvantages associated with these cells. For instance, the administration of stem cells may provoke an immune response or the formation of tumors \[[@b13-asj-2019-0026]\]. Using cell-derived CM is an effective approach that may overcome these problems associated with stem cell administration \[[@b14-asj-2019-0026]\]. Recent studies have revealed the neuroprotective effects of MSC-derived CM \[[@b15-asj-2019-0026]\]. It has also been reported that CM from MSCs may improve neuronal survival and promote neurite extension \[[@b16-asj-2019-0026]\]. However, there have been no studies conducted on the administration of breast milk stem cell (BMSC)-CM for SCI treatment. For this study, we examined the protective effects of BMSC-CM in a rat model of SCI.

Materials and Methods
=====================

1. Experimental design
----------------------

Adult male Sprague-Dawley rats (250--280 g) were divided randomly into the following groups (n=6/group). (1) Control group: laminectomy was performed; (2) SCI/Sham group: Dulbecco's Modified Eagle Medium (DMEM)/F12 culture medium was injected intrathecally into the injured site after the induction of SCI; and (3) BMSC-CM group: BMSC-CM was injected intrathecally into the site of injury after the induction of SCI induction. This study's protocol was reviewed and approved by the university (REC.1393.998).

2. Isolation of cells from breast milk sample and characterization
------------------------------------------------------------------

Breast milk was collected from healthy, lactating women who had given their consent prior to collecting samples. The samples were immediately transferred to the laboratory, diluted with an equal volume of sterile phosphate-buffered saline (PBS), and centrifuged at 15°C/1,000×g for 15 minutes. The pellets were washed thrice with PBS, and the isolated cells were cultured on gelatin-coated plates in DMEM/F12 culture medium supplemented with 10% fetal bovine serum and 1% glutamine. The cultured plates then were incubated at 5% CO~2~ and 37°C. The CD markers of the cultured cells were evaluated by flow cytometry after the third passage. The harvested cells were permeabilized and blocked using a solution containing Tween-20 and normal goat serum. Then, the cells were incubated with FITC (fluorescein isothiocyanate)-conjugated anti-CD144, CD44, per-CP-conjugated anti-CD105, and PE (phycoerythrin)-conjugated anti-CD34 antibodies (all from Abcam). The cells were fixed using 4% paraformaldehyde, and the number of positive cells was measured using flow cytometry. The results were depicted as graphs created using FlowJo software (FlowJo LLC, Ashland, OR, USA) \[[@b17-asj-2019-0026]\].

3. Preparation of breast milk stem cell-conditioned medium
----------------------------------------------------------

BMSCs in the third passage, with approximately 80% of confluency, were washed with PBS, and the serum-free DMEM/F12 culture medium was added to the cells. After 48 hours, the BMSC-CM was collected and centrifuged at 3,000 rpm for 10 minutes. The supernatant was concentrated 10 times using ultrafiltration using a 30 kDa cut-off filter (Millipore, Burlington, MA, USA) and stored at −80°C until use \[[@b18-asj-2019-0026]\].

4. Spinal cord injury induction
-------------------------------

The compression model of SCI was performed in this study. Rats were anesthetized with ketamine (80 mg/kg) and xylazine (10 mg/kg). Briefly, a laminectomy was made from T5 to T9 of the vertebral column. After that, the spinal cord was compressed at the level of T7 using a 20 g aneurysm clip for 1 minute. Following compression, the skin was sutured, and the rats received postoperative care for pain relief and to prevent infection \[[@b19-asj-2019-0026]\]. At 48 hours after the induction of SCI, the prepared CM (3 μL) was injected intrathecally into the site of injury using a 33-gauge Hamilton syringe. The bladder was manually drained daily until spontaneous bladder function returned.

5. Locomotor test
-----------------

For evaluation of locomotor performance, the Basso, Beattie, and Bresnahan (BBB) open-field test was performed weekly for 6 weeks by a blinded examiner for each rat. Body, tail, and paw position, hind limb movement, trunk stability, and toe clearance were measured during the BBB test to measure locomotor ability. The BBB score ranged from 0 to 21; a score of 0 indicates no observable movement, whereas a score of 21 indicates no impairment in locomotor activity.

6. Sensory test
---------------

The cold allodynia test was used to evaluate sensory performance. Withdrawal of the foot in response to contact with acetone was recognized as a cold sensation. All rats were examined once per week for up to 6 weeks. Before starting the experiment, the animals were allowed to adapt to the testing apparatus for 10 minutes. A single drop of fresh acetone was dropped on the plantar surface of both feet. This procedure was repeated 5 times, with intervals of at least 5 minutes. Removing or shaking the leg was considered a positive reaction. The time taken to respond to the stimulus was measured for each animal.

7. Assessment of caspase-3 activity for evaluation of apoptosis
---------------------------------------------------------------

The level of apoptosis may be evaluated by measuring caspase-3 activity. In this study, we used the caspase-3 colorimetric kit (Abcam, Cambridge, UK) to measure its activity at 14 days after the induction of SCI. This assay uses a spectrophotometer to measure the absorbance between the wavelengths of 400 and 405 nm via evaluation of the chromophore p-nitroaniline (p-NA) after cleavage from a labeled substrate DEVD-p-NA \[[@b20-asj-2019-0026]\].

8. Enzyme-linked immunosorbent assay
------------------------------------

The levels of tumor necrosis factor-α (TNF-α) and interleukin-1β (IL-1β) at the site of injury in the spinal cord were measured at 5 days after SCI induction using TNF-α and IL-1β enzyme-linked immunosorbent assay kits (Abcam) according to the manufacturer's protocol.

9. Histological study
---------------------

Three spinal cord tissue specimens were obtained from the animals in each group. After transcardial perfusion with 10% formaldehyde, specimens were post-fixed, paraffin-embedded, and cut into thin transverse sections. Later, the sections were deparaffinized and stained with Cresyl Violet. The area of tissue damage at the epicenter of the SCI was measured in four tissue sections per rat using ImageJ software (NIH, Bethesda, MD, USA).

10. Statistical analysis
------------------------

The data in the present study are reported as the mean±standard error of the mean. GraphPad Prism Software (GraphPad Software Inc., San Diego, CA, USA) was used to analyze the differences among groups using one-way analysis of variance followed by Tukey's post hoc test. A *p*-value of less than 0.05 was considered statistically significant.

Results
=======

1. Breast milk stem cell isolation and characterization
-------------------------------------------------------

The isolated BMSCs adhered to the plates, and they had a fusiform morphology with a small number of processes ([Fig. 1](#f1-asj-2019-0026){ref-type="fig"}). The results of the flow cytometry analyses showed that the BMSCs did not test positive for endothelial cells (CD144) and hematopoietic lineage (CD34) markers. On the other hand, these cells showed a positive reaction for CD44 and CD105 ([Fig. 2](#f2-asj-2019-0026){ref-type="fig"}).

2. The Basso, Beattie, and Bresnahan locomotor score
----------------------------------------------------

The rats were examined over a period of 6 weeks to assess the recovery of motor function. The mean BBB score in the control group was 21. The control group had significant differences in several parameters compared with the other groups at all postoperative time points throughout the study (*p*\<0.001). After the 6th week, the mean BBB scores for the SCI/Sham group and the BMSC-CM group were 10.6±0.9 and 17.4±1.1, respectively. The group which received BMSC-CM had better neurological outcomes, and there was a significant difference between the BMSC-CM group and the SCI/Sham group (*p*\<0.01) ([Fig. 2](#f2-asj-2019-0026){ref-type="fig"}).

3. Sensory test score
---------------------

Increasing sensitivity to nonpainful, cold stimuli is one of the hallmarks of clinical neuropathic pain. The time required to respond following contact with acetone is inversely proportional to the level of sensitivity. Among all groups, the duration of time prior to responding to acetone decreased during the second, third, and fourth weeks after injury. The response time to acetone in the BMSC-CM group at 2, 3, and 4 weeks was significantly reduced compared with the SCI/Sham group (*p*\<0.001) ([Fig. 3](#f3-asj-2019-0026){ref-type="fig"}).

4. Caspase-3 activity assessment
--------------------------------

To examine apoptosis at the site of injury, we measured the levels of activated caspase-3 at 14 days after the induction of SCI. The results of the caspase-3 colorimetric assay revealed that SCI increased the activity of caspase-3 in the SCI/Sham group compared with the control group (*p*\<0.01). The light emission of p-NA in the SCI/Sham group was 1.7±0.1. By contrast, the activity of caspase-3 was decreased by BMSC-CM treatment, and this was apparent by the decreased light emission of p-NA in the BMSC-CM group (0.9±0.1, *p*\<0.05) ([Fig. 4](#f4-asj-2019-0026){ref-type="fig"}).

5. Quantification of proinflammatory cytokines
----------------------------------------------

The levels of TNF-α and IL-1β were measured at the injured site of the spinal cord at day 5 after the induction of SCI. SCI significantly increased levels of TNF-α and IL-1β in the SCI/Sham group to 310±14 pg/mL and 240±8 pg/mL, respectively (*p*\<0.01 versus the control group for both cytokines). In the BMSC-CM group, the levels of TNF-α and IL-1β decreased to 193±21 pg/mL and 148±12 pg/mL, respectively (*p*\<0.05 versus the SCI/Sham group) ([Fig. 5](#f5-asj-2019-0026){ref-type="fig"}).

6. Injury area
--------------

The surface area of the injured tissue was calculated using the Cresyl Violet-stained sections. The control rats did not show damage to the spinal cord tissue. BMSC-CM treatment significantly reduced the area of damage caused by SCI (*p*\<0.01) ([Fig. 6](#f6-asj-2019-0026){ref-type="fig"}).

Discussion
==========

In the present study, we examined the therapeutic effects of BMSC-CM in a rat model of SCI. The results of our study indicate that BMSC-CM can improve the symptoms of SCI. After surgery, one common method for treating SCI is the administration of large doses of steroids. However, this treatment has been discontinued due to its time-sensitivity, mild results, and the possibility of severe side effects. As a result, alternative treatment strategies are currently being evaluated. Cellular therapies, including Schwann cells, MSCs, embryonic stem cells, and neural stem cells, have been widely investigated for their neuroprotective potential \[[@b21-asj-2019-0026]\]. While cell therapies have shown great progress, they still face certain constraints, including their immunogenicity, cell homing, and loss of differentiation potential. In addition, the micro-environmental cytotoxicity caused by acute SCI presents considerable obstacles against cellular engraftment \[[@b22-asj-2019-0026]\]. Furthermore, some treatments come with important concerns, including painful responses to nonpainful stimuli after neural stem cell transplantation, ethical concerns, or the formation of teratomas after embryonic stem cell therapy \[[@b8-asj-2019-0026]\].

Hosseini et al. \[[@b12-asj-2019-0026]\] reported that BMSCs can differentiate into neural stem cells and neurons. It has also been shown that a population of these cells expresses nestin, which is a marker for neuroectodermal tissue \[[@b23-asj-2019-0026]\]. These features and the ease of isolating BMSC allow these cells to serve as a treatment for nerve tissue injuries. Cell therapies are a promising option for treating diseases, but they still face certain limitations. The survival and differentiation of stem cells within the host tissues remain poor. It has been reported that less than 1% of MSCs survive for more than 1 week after systemic administration \[[@b16-asj-2019-0026]\]. Loss of differentiation potential, initiation of the host immune response, difficulties in delivery, and poor engraftment of transplanted cells are the major limitations of cell-based therapies \[[@b8-asj-2019-0026],[@b24-asj-2019-0026]\]. Since the main effects of MSCs are likely mediated by paracrine mechanisms \[[@b25-asj-2019-0026]\], we examined the effect of BMSC-CM as an alternative treatment for SCI. These experiments demonstrated that BMSC-CM can protect neuronal cells \[[@b26-asj-2019-0026],[@b27-asj-2019-0026]\].

Behavioral recovery after SCI is one of the most significant aims of therapeutic intervention, which may indicate the efficacy of a therapeutic approach \[[@b28-asj-2019-0026]\]. Unlike previous studies that have evaluated the therapeutic potential of CM \[[@b29-asj-2019-0026]\], we found that intrathecal injection of BMSC-CM could improve sensory and motor after SCI in rats. Previous studies revealed that SCI causes apoptosis and inflammation in the spinal cord \[[@b30-asj-2019-0026]\]. Likewise, the activity of caspase-3 was enhanced in the SCI/Sham group. However, BMSC-CM reduced the activity of caspase-3 after SCI. Hao et al. \[[@b31-asj-2019-0026]\] previously reported that CM from human adipose-derived MSCs inhibits neuronal apoptosis. We showed that the administration of BMSC-CM has anti-apoptotic effects in a rat model of SCI \[[@b31-asj-2019-0026]\]. In addition, apoptosis plays a central role in SCI, and it occurs downstream of the inflammatory response \[[@b32-asj-2019-0026],[@b33-asj-2019-0026]\]. To evaluate the extent of inflammation, we measured the levels of IL-1β and TNF-α after SCI. The results revealed that the administration of BMSC-CM could also attenuate the production of these cytokines.

Conclusions
===========

Our data showed that intrathecal administration of BMSC-CM provides therapeutic effects following SCI in rats. We found that BMSC-CM administration improves motor and sensory performance and reduces the production of proinflammatory cytokines such as IL1-β and TNF-α. Consequently, BMSC-CM reduces apoptosis after SCI. Although the number of rats in each group was too small to draw conclusions, these positive results suggest that the therapeutic mechanisms of BMSC-CM are worth studying in the future.
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![(A) Breast milk stem cells in the third passage showed a fusiform morphology with a small number of processes. Immunophenotypic features of the breast milk stem cells in passage three. Flow cytometry analysis showed that the isolated and cultured cells were positive for CD44 (B) and CD105 (C) and negative for CD34 (D) and CD144 (E) markers.](asj-2019-0026f1){#f1-asj-2019-0026}

![BBB scores demonstrate locomotor recovery in the different groups during the study. Data show mean±standard error of the mean. BBB, Basso, Beattie, and Bresnahan; SCI, spinal cord injury; BMSC-CM, breast milk stem cell-conditioned medium. \*\**p*\<0.01. \*\*\**p*\<0.001.](asj-2019-0026f2){#f2-asj-2019-0026}

![Duration of response to acetone at different time points of the study in the different groups. Data show mean±standard error of the mean. SCI, spinal cord injury; BMSC-CM, breast milk stem cell-conditioned medium. \*\**p*\<0.01. \*\*\**p*\<0.001.](asj-2019-0026f3){#f3-asj-2019-0026}

![Caspase 3 activity quantification for apoptosis evaluation. Data show mean±standard error of the mean. SCI, spinal cord injury; BMSC-CM, breast milk stem cells-conditioned medium. \**p*\<0.05. \*\**p*\<0.01.](asj-2019-0026f4){#f4-asj-2019-0026}

![(A, B) Changes in levels of TNF-α and IL-1β. Data show mean±standard error of the mean. TNF-α, tumor necrosis factor-α; IL-1β, interleukin-1β; SCI, spinal cord injury; BMSC-CM, breast milk stem cell-conditioned medium. \**p*\<0.05. \*\**p*\<0.01.](asj-2019-0026f5){#f5-asj-2019-0026}

![(A--C) Microscopic images indicate the area of injury among the different groups (Cresyl Violet staining, scale bar=500 μm). (D) The chart compares the percentage of total surface area that was injured after SCI among the treatment groups. Data show mean±standard error of the mean. SCI, spinal cord injury; BMSC-CM, breast milk stem cell-conditioned medium. \*\**p*\<0.01.](asj-2019-0026f6){#f6-asj-2019-0026}
